ABSTRACT
INTRODUCTION
In many research labs and facilities operating with radioactive materials people may be subject to accidents involving external and internal exposures, and sometimes through the incorporation of material through wounds. Events involving explosions of radioactive materials can cause such injuries, affecting operators, individuals and the environment. Such events can occur in a variety of settings, such as in specialized laboratories, or even in events involving members of the public due to the detonation of "dirty bombs".
According to the 2006 National Council on Radiation Protection and Measurements -NCRP [1] , the scientific literature reports more than 2100 cases of wounds involving radionuclide incorporations, which occurred mostly in facilities involved in the production, manufacture or maintenance of components of nuclear weapons. The contaminants involved, mainly actinides (americium, plutonium and uranium). In more than 90% of the cases, they occurred in the regions of the hands and arms, but mainly in the fingers.
In the case of intake of radioactive material by wounds first aid must comply with established protocols involving measurements with detectors to identify and quantify the radionuclides, depth of incorporation and report, if possible, some physical-chemical properties such as composition, solubility and toxicity of the material. These data are important for further medical treatment. It is common to observe in these first aid calls that the measurements with the portable detectors lack accuracy and precision by the lack of appropriate shielding and collimation. A typical example occurred in February 1964 when a 26 year-old plutonium processing operator had a puncture of approximately 1 centimeter (cm) into the palm of his right hand. After excision, residual wound activity was estimated at 1600 Becquerel (Bq). The last count in 2003, when the operator was 65 years old, the estimated activity was 3220 ± 600 Bq, value significantly higher than the initial activity, evidencing the difference in the quality of the detectors and procedures used [2] .
This work aims to evaluate the performance of the detectors in the measurement of injuries with incorporated radioactive material, highlighting its advantages and mainly its limitations.
MATERIALS AND METHODS
The evaluation of the performance of the detectors was made with measurements of the radiation energies emitted by radionuclides for several attenuations using different thicknesses of The experimental data were obtained by simulating a radioactive fragment embedded in different depths of the body, using radioactive sources inserted in a tissue-equivalent material measured with different detectors and experimental arrangements [3] .
Choice of tissue-equivalent material
The material chosen as the tissue-equivalent was polymethyl methacrylate (PMMA), better known as acrylic, which compared to other tissue-equivalent materials, possesses properties of scattering and absorption are very similar however, the attenuation of other materials are less than 
Accidents scenarios and radionuclides used
The radionuclides and source formats chosen as representative of these scenarios. For this type of measurement, the attenuation associated to the thickness of the wall of the ampoule is not important because the data are express in A/Ao value. So, we measured only the exponential curve format. The characteristics of the standard sources used and possible scenarios are described in Tables 1 and 2 . 
Detectors used
In this work were used two portable and two fixed detectors. The detectors were chosen because of their frequent use in field and emergency activities and in obtaining more accurate measurements in the monitoring of medical monitoring.
Portable detectors are used in field measurements because of their size and ease of locomotion and operation, for direct and immediate measurements. They are used for initial assessment of wound contamination and first aid measures.
Fixed detectors are used for monitoring and subsequent evaluation of biological samples, measured after initial decontamination and medical monitoring.
The detectors used were: The HPGe has an energy resolution of more than 400 eV for X-rays of 5.9 keV and 680 eV for X-rays of 122 keV, and allows the measurement of gamma radiations of up to 10 MeV. It is capable of identifying all radionuclides through of the gamma spectrometry system that consists of a GMX detector, preamplifier, amplifier, multichannel analyzer and the software Maestro for spectrum analysis. By the values of gamma energies and characteristic X-rays, the radioisotope is determined using the tables from the Laboratoire National Henri Becquerel (LNHB). Figure 1 illustrates the portable detectors used. 
Experimental setups
In order to simulate the measurements performed in the various scenarios of radiological accidents three different experimental setups were used as shown in Figure 2 , with appropriate use of collimator and shielding, in the measurements with the portable and fixed detectors. 
Measurements
Estimating the quantity of activity embedded in wound requires identifying the radioisotope and the thickness of tissue between the source and detector. The quantity of activity directly measured using a detector near the wound must be adjusted to account for attenuation produced by overlying tissue. This adjustment is made by considering that attenuation of photons in tissue can be described using an exponential function with tissue thickness (cm) and attenuation (cm -1 ) as the exponent.
Thus, the activity A 0 of the fragment allocated to a depth x, is obtained from the activity A measured at the wound site adjusted for attenuation using equation (1):
The value of the total attenuation coefficient μ (E) is a function of the effective energy of the radiation for the tissue-equivalent material and can be obtained using Thus, for each situation and radionuclide, attenuation curves which are associated with the depth or the thickness of the tissue can be obtained for each type of detector. Each type of detector produces its own attenuation curve which is different from another type due to measurement geometry, absence of shielding, collimation and its metrological properties.
The attenuation curves were constructed for each radionuclide and detector with 10 points, each point is obtained by the arithmetic mean of 10 measurements and their respective standard deviations. The graphs below show the measurements with their corresponding standard deviations.
There are cases where the error bars are too small to appear in the graph. There is a note below each graph showing the maximum value for the uncertainty, in percentage, of each measurement.
The results of experimental coefficients were compared with the theoretical values provided by NIST.
RESULTS AND DISCUSSION
In order to do the interpretation of the measurements, the obtained values of the Total Attenuation Coefficient (μ) of the tissue-equivalent material with different detectors, the experimental setup and the radionuclides were used and compared against the theoretical values established by the NIST. As can be seen the best result was obtained by measuring with HPGe and the worst was with the unshielded IdentiFINDER2 detector.
Presentation of the results by measured radionuclide

Natural uranium
Figures shows the attenuation curves obtained with energy of 184.98 keV with the HPGe and the theoretical value. Due to the shape and geometry of natural uranium that was used, the attenuation coefficient obtained was higher than the theoretical value established by NIST.
Discussion of the results
As expected, the results with portable and unshielded instruments, which represent the majority of first-aid measurements of accident victims, are those that presented the largest percentage deviations from the theoretical values.
Another important factor was the energy value of the photon radiation. Measurements of lowenergy radiation, whether characteristic X-rays or gamma radiation, are those that are most influ- The uncertainty values were expressed by the standard deviation and were less than 6.5%. Table 3 shows the deviation between the experimental and the theoretical value as function of the absorber thickness. 
CONCLUSION
This work made possible to evaluate the performance of detectors in situations of injuries contaminated by radionuclides through the analyses of their limitations and deficiencies. The use of shielding and collimation was efficient to approximate the experimental to the NIST value for the radionuclides used.
In these measurements, the main purpose is to show a difference of values obtained in measurement using portable detector in comparison with the laboratory measurement with more precise detector like GMX. The introduction of collimation is only to show that it is influence for to obtain for best results.
In general, the uncertainties presented values lower than 1.5% for a 68% confidence level (k = 1) under laboratory conditions. However, in field measurements it may present values up to 10 times higher due to the difficulties, lack of shielding and collimation and good geometry of measurement.
The choice for a portable or fixed detector will depend on the intended objectives. The portable detectors provide a qualitative response, whether or not it is contaminating, since the fixed detectors provide a quantitative response and with results with precision and accuracy.
However, although portable detectors do not provide precise and accurate measurements, they provide estimative dose values, which from the point of view of radiation protection is a conservative method and are useful for establishing future medical procedures for victims.
